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Studies on acute disease models
MICHAEL J. HANLEY
Department of Medicine, University of Texas Health Science Center, San Antonio, Texas
Investigations utilizing the isolated perfused tubule technique
have greatly enhanced our understanding of normal renal
physiology. Recently, however, these methods have been ap-
plied to disease models to provide information on the kidney's
response to acute and chronic pathologic conditions. The first
such studies of disease models were those of Fine, Bricker and
their colleagues on the remnant model of chronic renal failure
summarized elsewhere in this symposium. We have been
interested in examining the effect of acute renal injury on
segmental nephron function. In addition, we wish to evaluate
methods and maneuvers to ameliorate or prevent the acute
renal tubular injury. This, we hope, will allow extention of our
observations to clinically relevant situations and therapeutic
modalities.
Acute renal failure
The syndrome of acute renal failure (ARF) has been the
subject of intensive investigation for many years. Much of our
understanding of this syndrome is based on animal models using
a host of modalities to precipitate the renal failure and an
equally impressive list of maneuvers to ameliorate or protect
against the development of ARF. Renal artery occlusion is one
method commonly used experimentally to induce ARF. For the
most part, clearance and morphologic methodology was then
used to assess the degree and mechanisms of ischemic injury.
This was necessary because urine flow was too low for mean-
ingful assessment by surface micropuncture following a signifi-
cant insult to the kidney. In addition, subsurface structures are
inaccessible with current micropuncture techniques. In the
following study, we developed and characterized a rabbit model
of ischemic acute renal failure induced by 60 mm of renal artery
clamping. The effect of this ischemic insult on the transport
capacity of multiple nephron segments was subsequently stud-
ied by the method of isolated tubule microperfusion [11. This
technique allowed us to overcome the difficulties of low flow
and subsurface inaccessibility inherent in a micropuncture
examination of this pathologic state. Flow rate can be adjusted
and subsurface segments can be isolated and examined. The
response of nephron segments to ischemic injury provides a
rational explanation for the genesis of the syndrome and the
urinary parameters encountered.
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Since the female New Zealand white rabbit is the standard
laboratory animal used in microperfusion studies, it was first
necessary to characterize this animal's response to renal ische-
mia. Preliminary experiments indicated that a state mimicking
acute renal failure could be induced in these animals by 60 mm
of renal artery occlusion. The animals were anesthetized and
through a flank incision the left renal artery was occluded with a
snare. Following the ischemic interval the snare was removed
and the left flank incision was closed. This procedure was
followed immediately by a right nephrectorny. The effect of this
procedure on renal function was assessed by serial serum
creatinine determinations in these animals. The rabbits used in
the microperfusion studies were treated exactly the same as the
animals in the clearance studies until the snare was removed. At
this point blood flow was re-established for 10 mm before the
kidney was removed for dissection and subsequent microperfu-
sion. The 10-mm reflow period was used to clear clotted blood
from the renal parenchyma to facilitate dissection. Following
the ischemic period the medulla remained congested with
clotted blood and the kidney was distinctly edematous. Seg-
ments of tubules were dissected and perfused by standard
techniques. The tubules were perfused with an artificial ultrafil-
trate containing glucose and amino acids. The tubules were
bathed with an identical solution containing fetal calf serum (5
vol %). In studies requiring an osmotic gradient raffinose was
added to the bathing media to increase the osmolality 100
mOsm/kg H20. 3H methoxy-inulin was used as a volume
marker in all studies. Fluid reabsorption (Jv) in nanoliters per
millimeter per minute and the potential difference (PD) were
measured in all tubules by standard methods. The leakage rate
of the 3H-inulin volume marker into the bath was less than 1%
of the perfusion rate.
The transepithelial osmotic water permeability coefficient, Pf
(cm/see), was computed according to the expression derived by
Al-Zahid et al [21.
= V1C0 C0 — CL + 1 (CL — Cb)C0' AV COCbCL (Cb)2 n (C0 — Cb)CL
where V1 is the perfusion rate; C0, Cb, and C1 are the osmolali-
ties of the perfusate, bath, and collected fluids, respectively; A
is the luminal surface area; and V is the partial molar volume
of water.
Renal failure studies. To evaluate the model of acute renal
failure used in these studies, the left renal artery of seven
rabbits was clamped for 60 mm, followed by a right nephrecto-
my. Renal artery clamping for 60 mm produced a significant and
persistent elevation of serum creatinine (Fig. 1, upper curve).
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Four of the rabbits survived for the duration of the serial
creatinine determinations. One rabbit died on day 3 and two
rabbits died on day 7 following surgery.
Proximal convoluted tubule. Segments of proximal convolut-
ed tubule (PCT) were obtained for the measurement of PD and
Jv. The potential difference across this segment was reduced
59%, and the Jv was reduced 77% (Fig. 2, left panel).
Tubular perfusion sometimes resulted in prompt formation of
membrane-bound vesicles that could be observed in the collect-
ing pipette. Following formation of the vesicles, the apparent
cell height of portions of the tubular epithelium was reduced,
suggesting that these vesicles represent sloughing of brush-
border membrane.
Cortical proximal straight tubule. Segments of the cortical
proximal straight tubule (CPST) were obtained for the measure-
ment of PD and Jv. Sixty minutes of ischemia reduced the
potential difference by 79%, and the Jv was reduced 88% (Fig.
3, left panel) to a value not statistically different from zero. As
with the PCT, the CPST also exhibited vesicle formation and
cell height reduction. Observations suggested that this process
may be more severe in the CPST than in the PCT.
Medullary proximal straight tubule. Medullary segments of
the proximal straight tubule (MPST) were found to be difficult
to perfuse. Only on rare occasions, by using extremely short
segments, was it possible to perfuse an intact segment. As in the
PCT and CPST there was apparent sloughing of the luminal
brush border with the formation of membrane-bound vesicles.
A second phenomenon occurred exclusively in the MPST.
Tubular cells exfoliated into the tubule lumen and were carried
into the collecting pipette, leaving an area of denuded basement
membrane. lJnlike the PCT and the CPST, it was not possible
to measure fluid reabsorption in the MPST because of a leakage
P
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rate of the 3H-inulin into the bath of greater than 1% of the
perfusion rate.
Cortical thick ascending limb of Henle's loop (T-ALH). The
functional integrity of this segment was assessed by measure-
ment of its diluting ability and the ability to lower the perfusion
chloride ion concentration. The perfusion rates and tubule
lengths were not statistically different in any of the groups.
Sixty minutes of ischemia reduces the ability of the T-ALH to
lower the perfusion fluid chloride ion concentration by 60%
(Fig. 4, left panel). The diluting ability of the T-ALH was
reduced comparably 49%. The morphologic changes noted in
the thick ascending limb of Henle's loop were minimal after 60
mm of ischemia.
Cortical collecting tubule (CCT). The functional capacity of
this segment was tested by measurement of fluid reabsorption in
response to an abrupt increase (100 mOsm/kg H2O) in bath
osmolality with raffinose in the presence of a maximum ADH
stimulus (250s U/ml). A 60-mm ischemic episode reduced the
ADH-dependent fluid reabsorption and osmotic water perme-
ability (Pr) of the CCT by 62 and 59%, respectively (Fig. 5, left
panel).
The role of renal vasoconstriction, tubular obstruction, back-
leakage of filtrate across damaged epithelium, and a decreased
ultrafiltration coefficient have all been explored as a mechanism
for the decrease in GFR found in ischemic acute renal failure.
Tubular transport aberrations have been difficult to character-
ize by micropuncture and clearance techniques because of the
low tubular flow rates in kidneys following induction of experi-
mental ischemia ARF and the inaccessibility of some segments
to surface micropuncture. These difficulties can be circumvent-
ed by examining transport parameters in nephron segments
after ischemia by the method of isolated tubule microperfusion.
This microperfusion study was designed to examine the trans-
port characteristics of multiple nephron segments in a rabbit
model of ischemic ARF. The data indicate that the proximal
nephron is severely affected both morphologically and function-
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Fig. 1. Temporal profile of serum creatinine after 60 mm of total renal
ischemia in rabbits. Sixty minutes of total renal ischemia followed by
removal of opposite kidney produced an elevation of serum creatinine
that depends on animal pretreatments [5].
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Fig. 2. Effect of ische,nia on proximal convoluted tubule (PCT) fluid
reabsorption. Open bars represent values for control tubules in each
treatment group. Hatched or crosshatched bars represent ischemic
12 tubules in each treatment group [5].
ally by 60 mm of ischemia, and that the distal nephron, while
not showing gross morphologic alterations, is also functionally
compromised.
Morphologists have pointed out that the histologic changes in
ARF are not very dramatic and that the proximal nephron
appears to sustain the major histologic injury. In the qualitative
assessment possible in this study, similar observations were
made. In our model, ischemia frequently brought about the
sloughing of the proximal tubule luminal brush border with the
formation of membrane-bound vesicles. The propensity for this
to occur appeared to be correlated with the position along the
proximal tubule (MPST> CPST> PCT). The functional ability
of the proximal nephron to reabsorb salt and water is reduced
77% in the PCT and 88% in the CPST. This quantitative
transport data and the qualitative vesicle formation data taken
together would suggest that a component of the reduced fluid
transport in the proximal nephron could be the result of removal
of transport sites from the luminal surface. While removal of
brushborder transport sites may occur, ischemia undoubtedly
exerts a multiplicity of effects on this transporting epithelium.
No significant or consistent morphologic alterations were
noted in the distal nephron in our rabbit model of ischemic
ARF. In some experimental T-ALH segments minor cellular
alteration did occur. This took the form of a qualitative increase
in cytoplasmic inclusion bodies. No consistent gross alteration
was noted in the CCT segments in this study, and no vesicle
formation was noted in the T-ALH or CCT. Despite the lack of
significant morphologic alteration in the distal nephron, this
study indicated that major functional impairment does occur in
both the T-ALH and the CCT. Fine et al [31 found the CCT to
be hyporesponsive to the hydroosmotic action of ADH. Since
vasopressin-stimulated cyclic AMP activity was low, and since
responsiveness could not be restored by analogues of cyclic
AMP, they concluded that specific cellular defects were present
both in the ADH-sensitive adenyl cyclase and at steps subse-
quent to the formation of cyclic AMP. The results of this study
show that 60 mm of ischemia produces a defect similar to that
noted in the remnant uremic kidney CCT. One could speculate
that the defect noted in the remnant rabbit model may in part be
a response to ischemia. Evidence that the two states are not
exactly comparable comes from an examination of the effect of
both types of renal failure on the potential difference across the
tubule. In the chronic renal failure model no significant change
in PD was noted, but in the present study the magnitude of the
negative PD was reduced greatly. This could indicate that acute
ischemia produced other functional alterations than those noted
by Fine et al [31. Yet, as previously suggested for the chronical-
ly diseased kidney, the concentrating defect in acute renal
failure may be due in part to the unresponsiveness to ADH of
the CCT.
The functional defect found in the cortical T-ALH is of
interest for several reasons. First, this suggests another contrib-
uting factor in the concentrating defect in ARF. According to
our present understanding, the energy source for medullary
hypertonicity is the solute pump in the medullary T-ALH. If
impairment of this capacity in medullary T-ALH is present, as
demonstrated in cortical segments, this defect could lead to a
decrease in the interstitial hypertonicity of the medulla and
thereby impair transepithelial water flow across the collecting
duct by reducing the medullary osmotic gradient. These experi-
ments were not designed to delineate the mechanism for T-
ALH malfunction. The absence of obvious morphologic
changes, together with water impermeability of the segments,
would suggest that active sodium chloride translocation was
probably the principal defect. If one accepts the idea that the
negative PD in the CCT is a reflection of active sodium
transport, the decrease in this parameter following ischemia
may localize another salt-wasting site to the CCT. Since the
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Fig. 3. Effect of ischemia on proximal straight tubule (PST) fluid
reabsorption. Open bars represent values for control tubules in each
treatment group. Hatched or crosshatched bars represent ischemic
tubules in each treatment group [5].
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Fig. 4. Effect of ischemia on the ability of thick ascending limb of
Henle's loop (T-ALH) to lower perfusion solution chloride concentra-
tion. Open bars represent values for control tubules in each treatment
group. Hatched or crosshatched bars represent ischemic tubules in
each treatment group [5].
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Fig. 5. Effect of ischemia on ADH-dependent fluid reabsorption by the
cortical collecting tubule (CCT). Fluid reabsorption was measured after
addition of ADH (250
.eU/ml) to bath. Osmolality of bath was increased
100 mOsmlkg H20 by addition of raflinose. Open bars represent values
for control tubules in each treatment group. Hatched or crosshatched
bars represent ischemic tubules in each treatment group [5].
ability of the nephron to form free water and dilute the urine is
dependent on the functional integrity of the T-ALH, the impair-
ment of T-ALH function with ischemia also provides an expla-
nation for the inability to dilute the urine in ARF. Accordingly,
the combination of defects in the distal nephron provides an
explanation for the isosthenuria common in acute renal failure
and may contribute to the polyuric phase associated with
recovery from ARF.
Attempts to perfuse medullary proximal straight tubules
often produced exfoliation of tubular cells, areas of denuded
basement membrane, and, in this study, significant 3H-inulin
accumulation in the bath fluid was always found. Since the
basement membrane is not a significant barrier to solute, water,
or protein [4], tubular fluid could easily traverse this segment in
vivo. This would suggest that the medullary PST, in this model,
could be responsible for both backleak of tubular fluid and
debris for downstream nephron blockage.
Taken in its entirety this study suggests explanations of many
facets of clinical ischemic ARF. An ischemic insult depresses
PCT and CPST fluid reabsorption and also brings about cellular
exfoliation in the MPST. Some nephrons are blocked complete-
ly by debris and unable to reabsorb the filtrate that leaks
through the basement membrane and reenters the circulation.
Those tubules that are not blocked deliver a large sodium
chloride load to the thick ascending limb and collecting tubule.
The compromised transport ability of these segments prevents
them from coping with the increased sodium delivery and high
urinary sodium concentration characteristic of ischemic ARF
results. This study suggests that the usual clinical guides to the
differentiation of prerenal azotemia from ischemic ARF (urine
sodium, urine-to-plasma creatinine ratio, urine osmolality, and
fractional sodium excretion) are, in part, a reflection of the
disordered function of the T-ALH and the CCT.
These microperfusion studies provide the first direct informa-
tion about the tubular transport defects present in ischemic
ARF. They demonstrate that the proximal nephron is severely
functionally compromised. In addition, it has been possible to
demonstrate that significant transport abnormalities also exist
Effect of prior mannitol and flirosemide infusion on ischemic
acute renal failure
Furosemide and mannitol are two agents that have been used
frequently in experimental and clinical settings to ameliorate or
prevent ARF. The following clearance and microperfusion
studies were designed to examine the effects of these agents on
GFR and segmental nephron function in a rabbit model of
ischemic ARF [5].
Initial studies were performed to assess the degree and
pattern of renal insufficiency produced by 60 mm of total renal
ischemia following mannitol or furosemide pretreatment. Man-
nitol pretreatment consisted of infusion of a 5% mannitol
solution in an amount equivalent to 5% body weight over the 60
mm preceding the ischemic period. Furosemide pretreatment
animals received normal saline in an amount equivalent to 5%
body weight in the 60 mm preceding the ischemic period.
Furosemide was added to this saline infusate providing 20 g/
kg/mm. After 60 mm the snare was removed. Blood samples
were obtained at the time of surgery and for up to 2 weeks
following the surgical procedure. The animals used in microper-
fusion studies were treated in the same manner as described
above. After the 60 mm of ischemia, the ligature was removed
and blood reflow was reestablished before the kidney was
removed and sliced for dissection and microperfusion. Seg-
ments of renal tubules were perfused as described above.
Renal function studies. The results of serial serum creatinine
determinations performed in these animals is shown in Figure 1.
The uppermost curve in the figure depicts the rise in serum
creatinine observed in animals subjected to renal artery clamp-
ing without a protective preinfusion. The middle curve in Figure
1 (solid squares) shows the rise in serum creatinine observed in
eight animals following renal artery clamping with furosemide
pretreatment. The lower curve (open circles) in Figure 1 shows
sequential creatinine determinations in nine animals pretreated
with mannitol.
Proximal convoluted tubule. Segments of PCT were obtained
for measurement of PD and Jv. Mannitol pretreatment prevent-
ed any significant reduction in PCT fluid reabsorption following
ischemia (Fig. 2, right panel). The effect of furosemide pretreat-
ment plus ischemia on PCT function resulted in a significant
reduction in fluid reabsorption in this segment but not to the
degree noted in ischemic tubules without furosemide pretreat-
ment (Fig. 2, center panel). No discernable morphologic
changes were noted in either pretreatment group during tubule
microperfusion.
Cortical proximal straight tubule. Segments of PST were
obtained for measurement of Jv and PD. Mannitol pretreatment
prevented any significant reduction in PST fluid reabsorption
following the ischemic episode (Fig. 3, right panel). Furosemide
and ischemia did result in a significant reduction in fluid
reabsorption in this segment but not to the degree noted in
ischemic tubules without furosemide pretreatment (Fig. 3,
center panel).
Cortical thick ascending limb. The functional integrity of the
T-ALH was assessed by measurement of its ability to lower the
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perfusate chloride ion concentration. Exposure to mannitol
with and without ischemia resulted in diminution in T-ALH
solute transport (Fig. 4, right panel). There was no detectable
difference between furosemide pretreated control and furose-
inide pretreated ischemic tubules (Fig. 4, center panel). Expo-
sure to mannitol or furosemide depressed T-ALH function, but
ischemia did not further adversely affect T-ALH solute
reabsorption.
Cortical collecting tubule. The functional capacity of this
segment was tested by measurement of fluid reabsorption in
response to an abrupt increase (100 mOsm/kg H20) in bath
osmolality with raffinose in the presence of a maximum ADH
stimulus (250 U/mI). Mannitol pretreatment and furosemide
pretreatment did not prevent a significant reduction in ADH
dependent water flow in this segment (Fig. 5).
Furosemide and mannitol have been used frequently in both
clinical and experimental settings to prevent or ameliorate
ARF. These studies were undertaken to examine the effects of
these agents on the renal function of the previously described
rabbit model of ischemic ARF and to correlate these findings
with the effects on individual nephron segments, As shown in
Figure 1, mannitol pretreatment effectively prevented the eleva-
tion in serum creatinine normally seen in these animals follow-
ing 60 mm of renal artery clamping. In the proximal convoluted
tubule and proximal straight tubule, mannitol pretreatment
resulted in the qualitative preservation of tubular integrity, as
no cellular debris formed with the onset of tubule microperfu-
sion. Some minor morphologic changes were observed in both
ischemic and control proximal segments following mannitol
pretreatment. Cytoplasmic vacuoles were present in these
tubules, as reported on numerous occasions following systemic
mannitol or glucose infusions. The rate of fluid reabsorption is a
quantitative estimate of proximal tubular integrity; this parame-
ter was not different in mannitol-treated control and mannitol-
treated ischemic tubules. In total, these observations suggest
that mannitol pretreatment preserves proximal tubule cellular
integrity and maintains normal epithelial function. In the corti-
cal thick ascending limb of Henle's loop mannitol pretreatment
did not result in significant observable morphologic changes in
the tubular cells. Ischemic and control tubules appeared the
same during microperfusion. Tubular functional capacity fol-
lowing ischemia, as measured by the ability to lower the
perfusate chloride concentration, was also maintained at con-
trol levels by mannitol pretreatment. The absolute ability to
lower the perfusion solution chloride concentration following
mannitol pretreatment was depressed to 25% of normal control
values (Fig. 4). This depression of functional capacity was
dependent on pre-exposure to mannitol because the solutions
used in microperfusion did not contain this sugar. From the
present study it appears that this transport-depressive effect of
mannitol is not dependent on the continued presence of luminal
mannitol. This mechanism of action of mannitol in this setting is
not defined in the present study. Mannitol exposure may affect
transport directly through effects on transport proteins or
indirectly through metabolic alterations. Since transport in this
segment was also severely depressed in ischemic tubules with-
out pretreatment, this effect of mannitol would be unlikely to be
responsible for the preservation of renal function following
ischemia. Mannitol pretreatment did not result in any signifi-
cant morphologic changes in ischemic and control cortical
collecting tubules. Following 60 mm of ischemia, there was a
statistically significant decrease in ADH-dependent osmotic
water flow in the cortical collecting tubule. Mannitol pretreat-
ment in this model of ARF (1) prevented the development of
ischemic acute renal failure following 60 mm of renal artery
clamping, (2) maintained parameters of tubular function at
control levels in the PCT and PST, (3) depressed sodium
chloride reabsorption more severely than ischemia alone in the
T-ALH, and (4) did not prevent a decrease in ADH-mediated
osmotic water flow in the CCT.
The effect of furosemide pretreatment on the severity of ARF
induced by 60 mm of ischemia is shown in Figure 1. Furosemide
partially protected against the development of ARF in this
model. In the PCT and PST furosemide pretreatment resulted in
qualitative preservation of cellular integrity. No observable
cellular debris was formed with the onset of perfusion. Fluid
reabsorption was decreased significantly in these segments
following ischemia, but epithelial function was preserved to a
greater degree than observed with ischemia without furosemide
pretreatment (Figs. 2 and 3). In the cortical T-ALH furosemide
pretreatment did not result in significant observable morpholog-
ic changes in either control or ischemic tubules. As was found
in the mannitol-treated tubules, the functional capacity of the T-
ALH as measured by the ability to lower the perfusion solution
chloride concentration was not different in control and ischemic
tubules (Fig. 4). As might be expected, however, furosemide
pretreatment did result in an absolute decrease in the ability to
lower perfusion solution chloride concentration. The absolute
functional capacity of this segment following furosemide treat-
ment was not different from values obtained with ischemia
alone. For that reason it seems unlikely that the effect of
furosemide on T-ALH function in itself contributes to its effect
of preserving renal function. Furosemide pretreatment did not
result in any significant observable morphologic changes in the
CCT in either ischemic or control tubules. In tubules from
ischemic kidneys, there was a significant decrease in ADH-
dependent osmotic water flow. Furosemide pretreatment in this
model of ARF (1) partially preserved renal function, (2) partial-
ly protected proximal nephron function, and (3) did not substan-
tially change the absolute transport capacity of the T-ALH or
the ADT-I response of the CCT as compared with ischemia
alone.
Injury to various nephron segments following some insult can
be evaluated by morphologic and functional criteria. Functional
alterations appear to be a more sensitive index of injury than
obvious morphologic alterations observable with light micros-
copy. As has been demonstrated, 60 mm of ischemia produces
marked functional and morphologic alterations in the proximal
nephron. The reabsorptive rates of the proximal nephron in the
mannitol-pretreated, the furosemide-pretreated, and the no-
pretreatment groups demonstrated an increasingly severe func-
tional depression as a result of the ischemic episode (Figs. 2 and
3). Although cellular debris was obvious only in ischemic
tubules without pretreatment, the measured reabsorptive rates
suggest a graded epithelial injury depending on the pretreatment
modality before the ischemic episode.
Since renal function in this model of ischemic ARF correlates
with the proximal nephron injury as measured by proximal
reabsorption, this suggests that a significant component of the
etiology of the renal functional impairment may be due to
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tubular obstruction by proximal nephron debris. Inasmuch as
the absolute function of the T-ALH was not different in
ischemic tubules with and without furosemide pretreatment
(Fig. 4), transport alterations in this segment would not be
expected to be primarily responsible for the different degrees of
renal impairment demonstrated in these two settings. Ischemia
produces a statistical decrease in ADH-mediated water flow in
the CCT in all treatment groups. This would also suggest that
this segment of the nephron is not primarily responsible for the
preservation of renal function in this model (Fig. 5).
The mechanism by which furosemide and mannitol protect
ischemic tubules is clearly not elucidated by the present investi-
gation. Mannitol and furosemide could preserve proximal neph-
ron integrity by decreasing the ATP consumption of these
segments, making them less susceptible to ischemic injury.
Evidence for this hypothesis is not conclusive. In this study
pretreatment with mannitol and furosemide appeared to inhibit
proximal nephron reabsorption in nonischemic tubules (Figs. 2
and 3), but this inhibition did not achieve statistical signifi-
cance. Burg et al [61 did not observe any effect of furosemide on
PCT fluid reabsorption, but Grantham [7] noted a depression of
proximal nephron reabsorption following prolonged exposure
to furosemide. Whether this depression of reabsorption follow-
ing exposure to mannitol or furosemide maintains intracellular
ATP stores via decreased utilization for transport is not known.
It is conceivable that mannitol and furosemide act by entirely
different mechanisms in preserving epithelial function. Reoxy-
genation has been shown to accelerate cell damage in ischemic
myocardium and this oxygen-enhancement injury is presumed
to be the result of oxygen-free radical generation. Mannitol is a
known free radical scavenger effective in preventing reoxygena-
tion cell injury while in the bathing medium. Mannitol could
protect against ischemic injury in this model by neutralizing
toxic-free radicals generated during reoxygenation. Furose-
mide, on the other hand, has been shown to affect the concen-
trations of glycolytic intermediates in the kidney and to inhibit
lactate formation. This metabolic blockade could be responsible
for the partial protection against ischemic injury observed with
this agent. The present studies do not allow us to select from
among these possibilities.
In summary, these studies support the thesis that ARF in the
ischemic rabbit model is induced, in part, by tubular obstruc-
tion. There is a direct relation between an agent's ability to
protect the functional integrity of the cells of the proximal
nephron and its ability to preserve renal function. Mannitol and
furosemide protect against the development of ARF by preserv-
ing proximal nephron integrity and thereby preventing the
debris-producing cellular injury.
Obstructive nephropathy
Studies of bilateral and unilateral obstruction using clear-
ance, micropuncture or microcatheterization techniques do not
provide a clear assessment of the direct effects of obstruction
on intrinsic tubular functions. In these models, changes in
tubular reabsorption rates are also critically dependent on
volume status, possible circulating natriuretic factors as well as
regional renal blood flow and its effect on interstitial composi-
tion and physical factors. Therefore, differences in multiple
factors could be responsible for the postobstructive diuresis
observed following relief of bilateral obstruction but not after
release of unilateral obstruction. There have been studies [9, 10]
examining the direct effect of in vitro increases in intratubular
hydrostatic pressure on tubular function in isolated perfused
tubules. They demonstrated that an acute in vitro increase in
hydrostatic pressure has no effect on proximal convoluted
tubule fluid reabsorption but may alter transport in the cortical
collecting tubule since the potential difference fell in response
to this maneuver. The lack of information on intrinsic tubular
function following relief of obstruction prompted us to develop
a model of unilateral ureteral obstruction (UUO) and bilateral
ureteral obstruction (BUO) for 24 hr in the New Zealand white
rabbit. Following characterization of this model by clearance
techniques the effect of 24 hr of obstruction on intrinsic nephron
function was examined by isolating segments from these ob-
structed kidneys and determining transport properties by the
method of isolated tubule microperfusion [8]. This not only
allowed us to determine the effect of 24 hr of obstruction on
intrinsic segmental nephron function but also allowed us to
directly compare segments from unilaterally and bilaterally
obstructed kidneys. In addition, we were able to examine
segments not directly available to surface and papillary micro-
puncture or papillary microcatheterization.
Studies were performed to assess the degree and pattern of
renal abnormalities produced by 24 hr of complete unilateral
and bilateral ureteral obstruction. Female New Zealand rabbits
were anesthetized with intravenous sodium methohexital (Bre-
vital sodium, Lilly, Indianapolis, Indiana) and complete unilat-
eral or bilateral obstruction was accomplished with sterile
procedure by tying a 3-0 silk suture around the ureter(s) just
above the ureterovesical junction. The animals were allowed to
recover from anesthesia and were returned to individual cages,
where they were then given free access to food and water.
Twenty-four hours later the animals were reanesthetized with
intravenous barbiturate and one of the following two protocols
was followed: (1) Standard clearance studies were performed
immediately after relief of obstruction by catheterizing each
ureter and obtaining separate urine collections. A 30-mm equili-
bration period of moderate volume expansion (5% of body
weight) was followed by four timed 10-mm urine collections
during a constant infusion of normal saline containing inulin and
pitressin or (2) the obstructed kidney was removed through a
flank incision. The kidney was then sliced for dissection and
microperfusion. The experimental UUO or BUO kidney is
compared with the control unobstructed kidney in both clear-
ance and microperfusion studies. To study uniform populations
of tubules the following criteria were established: (1) segments
of PCT were selected from superficial or juxtamedullary neph-
rons; (2) the segments of PST studies were from superficial
nephrons and had their origin within 1 to 2 mm of the renal
capsule; (3) segments of T-ALH were cortical in origin; and (4)
segments of collecting tubule were cortical in all cases. Fluid
reabsorption (iv) in nanoliters per millimeter per minute and
potential difference (PD) were measured in all tubules by
standard methods. In all segments, epithelial integrity was
evaluated by visual inspection and bath sampling. The leakage
rate of the 3H-inulin volume marker into the bath was less than
1% of the perfusion rate [2]. Because of the low flow rates used
in the T-ALH, the perfusion rate was calculated by direct
measurement of the collected fluid volume in calibrated micro-
pipette s divided by the time of collection. Volume reabsorption
GIHR FENa UNaV, V
mi/mm % Eq/min mi/mm
Unobstructed kidney (UK)
(N — 8) 7.63 1.45 2.66 0.94 32.6 6.1 0.333 0.056 581 70
UUO
(N = 8) 2.50 0.32 8.07 1.57 34.8 8.0 0.406 0.061 301 15
P (UUO vs. UK) <0.01 <0.02 NS NS <0.01
BUD
(N = 9) 2.41 0.24 23.4 1.8 71.2 5.3 0.662 0.055 351 12
P (BUD vs. UUO) NS <0.01 <0.01 <0.01 —
Abbreviations: UUO, unilateral ureteral obstruction; BUD, bilateral ureteral obstruction; NS, not significant; N, number of animals in the study.
was obtained in this segment by comparing the 3H-inulin counts
per nanoliter of collected fluid to that of the perfusate. No
significant volume reabsorption occurred in this segment in
either control or obstructed tubules. Samples for chloride
determinations were collected under oil.
Clearance studies. To evaluate the models of UUO and BUO
in the New Zealand white rabbit standard clearance studies
were performed following catheterization of each ureter. The
results of these studies are presented in Table 1. GFR is
reduced 67% and FENa is increased significantly in the postob-
structed UUO kidney when compared to the contralateral
unobstructed kidney. Urine osmolality is also reduced signifi-
cantly in the postobstructed UUO kidney, and this value was
not different from the corresponding plasma osinolality (UUO
plasma osmolality = 303 6). Following release of BUO, GFR
was not statistically different from that observed following
release of UUO although there was a statistically significant
increase in FENa. Compared to UUO, urine flow rate was
increased 63% following release of BUO. As in the case of
UUO, urine osmolality following release of BUO was not
significantly different from plasma values in these animals
(BUO plasma osmolality — 335 6). These studies demonstrate
that this model possesses the necessary features of obstructive
nephropathy, that is, decreased GFR, a concentrating defect,
and high fractional sodium excretion.
Superficial proximal convoluted tubule (SPCT). Tubules
were obtained from kidneys which had been subjected to UUO,
the contralateral unobstructed kidneys (UK), and kidneys from
animals subjected to BUO. Jv in SPCT's obtained from UUO
kidneys was not significantly different from the rates observed
in tubules from the UK. Furthermore, there was no difference
between Jv in tubules obtained from UUO and BUO kidneys
(Fig. 6, left panel). Obstruction did produce a small change in
the observed PD in tubules from UUO and BUO kidneys but
without an observable effect on reabsorption rates. Obstruction
for 24 hr, whether unilateral or bilateral, did not significantly
alter SPCT function following relief of UUO or BUO. No
observable morphologic changes were noted in SPCT segments
from UK, UUO, or BUO kidneys.
Juxtarnedullary proximal convoluted tubules (JMPCT). As in
the SPCT's, tubules were obtained from kidneys which had
been subjected to UUO, the contralateral unobstructed kidney
(UK), and kidneys from animals subjected to 24 hr of BUO. Jv
in tubules obtained from UUO kidneys was decreased 32%
from control values (UK). Jv in tubules obtained from BUO
kidneys was not significantly different from that in UUO
kidneys (Fig. 6, center panel). There were no statistical differ-
ences in the PD between the different groups (UK, UUO,
BUO). Obstruction for 24 hr, whether unilateral or bilateral,
compromised function in the juxtamedullary proximal convo-
luted tubule. No observable morphologic changes were noted in
JMPCT segments from UK, UUO, or BUO kidneys.
Proximalstraight tubules (PST,). Tubules were obtained from
kidneys subjected to UUO, the contralateral unobstructed
kidneys (UK), and kidneys from animals subjected to 24 hr of
BUO. Jv in tubules obtained from UUO kidneys was decreased
52% from control values (UK). iv in tubules obtained from
BUO kidneys was not significantly different from that in UUO
kidneys (Fig. 6, right panel). Obstruction did produce a small
change in the observed PD in tubules from UUO kidneys. No
observable morphologic changes were noted in PST segments
from UK, UUO, or BUO kidneys.
Cortical thick ascending limb of Henle's loop (T-ALH).
Tubules were obtained from kidneys which had been subjected
to UUO, the contralateral unobstructed kidneys (UK), and
kidneys from animals subjected to 24 hr of BUO. The functional
integrity of this segment was assessed by measurement of the
ability to lower the perfusate chloride ion concentration. Tu-
bules obtained from animals that had undergone unilateral or
bilateral obstruction appeared to have a distended lumen during
dissection as opposed to tubules from normal rabbit kidneys
and UK's which are generally completely collapsed obliterating
the tubule lumen. Following UUO the ability of the T-ALH to
lower the perfusion solution chloride ion concentration was
reduced 76%. There was no significant difference between
UUO and UK, PD, perfusion rate or length. Following relief of
BUO the ability of the T-ALH to lower the perfusion solution
chloride ion concentration was not different from that deter-
mined following relief of UUO (Fig. 7, left panel). During
perfusion no observable morphologic changes were noted in T-
ALH segments from obstructed kidneys.
Cortical collecting tubule (CCT). Fluid reabsorption and
osmotic water permeability coefficient (Pf) were measured in
the presence of a maximum ADH (250 1.tU/ml) and cyclic AMP
stimulus. In tubules from normal kidneys it has been previously
shown [8] that adding 10 4M 8-p-Cl-phenylthio-cyclic 3',S'aden-
osine monophosphate (Cl Phe S-cAMP) to the bath duplicates a
maximum ADH stimulus. Since it was determined that the
ADH and Cl Phe S-cAMP response of the CCT from control
(UK) kidneys was not different from that observed previously
in normal tubules in this laboratory [8], the data for iv and Pf in
control (UK) tubules with these agents was pooled. Tubules
542 Hanley
Table I. Renal function following release of 24 hr of obstruction
Uosn
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Fig. 6. Effect of unilateral ureteral obstruction (UUO) and bilateral
ureteral obstruction (BUO) on proximal nephron function. C/ear bars
represent the control unobstructed tubules; lined and hatched bars
represent UUO and BUO tubules, respectively. Asterisk indicates
differences from control tubules with P < 0.05 [81.
obtained from animals that had undergone unilateral or bilateral
obstruction appeared normal during microdissection but with
the onset of microperfusion clear intracellular vesicles were
noted in some cells. Following relief of UUO the ability of the
collecting duct to respond to ADH was reduced 76%. Following
relief of BUO the ability of the collecting duct to respond to
ADH was not different from that determined following relief of
UUO (Fig. 7, right panel). BUO and UUO equally impaired the
ability of the CCT to respond to ADH. ADH increases the
water permeability of the CCT by a complex series of intracellu-
lar events beginning with the intracellular generation of cAMP.
To determine if the obstruction-induced defect in ADH re-
sponse occurred before or after the generation of intracellular
cAMP, a cell permeable cAMP was used to increase water
permeability in tubules from UUO kidneys. Cl Phe S-cAMP
dependent water flow was impaired significantly following relief
from obstruction of 24 hr. This suggests that the defect in ADH
response induced by obstruction lies somewhere beyond the
intracellular generation of cyclic-AMP.
Since ureteral obstruction results in a myriad of renal physio-
logic alterations, the direct effect of obstruction on the function
of the renal tubules has been difficult to define. Previous studies
in isolated tubule preparations [9, 10] examined the effect of
acutely increasing hydrostatic pressure on tubular transport.
When hydrostatic pressure was increased in the proximal
convoluted tubule, resulting in marked tubular dilatation, there
was no significant charge in fractional or absolute reabsorption
while the perfusion rate was kept constant. A similar inference
was made by these authors on the effect of hydrostatic pressure
on proximal straight tubule function. Evaluation of the effect of
acute pressure changes on distal nephron function have been
more indirect. It is generally assumed that the normally nega-
tive luminal PD in the CCT is the result of active sodium
transport. Increasing hydrostatic pressure in the CCT caused a
fall in the negative luminal PD independent of flow rate implying
a decrease in active sodium transport. A recent study [11]
examining sodium transport isotopically found that a general
T-ALH CCT
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Fig. 7. Effect of unilateral ureteral obstruction (UUO) and bilateral
ureteral obstruction (BUO) on distal nephron function. Clear bars
represent the control unobstructed tubules; lined and hatched bars
represent UUO and BUO tubules, respectively. Asterisk indicates
differences from control tubules with P < 0.05 [8].
correlation between sodium transport and PD did exist, but this
appeared to be highly variable. Thus, there is some suggestive
evidence that obstruction does interfere with sodium reabsorp-
tion by the CCT. It has also been demonstrated [12] that the
electrical resistance of the CCT was unchanged when hydro-
static pressure was increased even though PD was found to
decrease. These studies also support the view that an acute
hydrostatic pressure increase acts to decrease active sodium
transport by the CCT.
Direct examination of the intrinsic transport capacity of
SPCT in this study (Fig. 6) shows that the reabsorption rate in
this segment following 24 hr of UUO is essentially normal and
identical to the contralateral control kidney, implying that the
decrease in absolute reabsorption of surface proximal tubules is
purely a function of decreased GFR. Direct evaluation of
JMPCT and PST reabsorptive rates in this study demonstrated
that obstruction itself affects the intrinsic transport capacity of
these segments depressing their reabsorption rates 32 and 50%,
respectively (Fig. 6). The PST's utilized in this study were
identified as being from cortical nephrons in that they had their
origin within ito 2 mm of the renal capsule. Increased delivery
to the bend of the loop of deep nephrons [9] could be due to an
isolated defect in JMPCT or more likely to a defect in both the
JMPCT and juxtamedullary proximal straight tubule. Direct
evaluation of T-ALH function following relief of UUO has not
been possible using micropuncture techniques. Comparison of
late proximal tubule and early distal tubule sodium delivery is
difficult to interpret due to the low flow rates involved. Direct
evaluation of the T-ALH following relief of UUO in this study
(Fig. 7) demonstrates significant functional impairment. This
was suggested even during dissection as these tubules appeared
to be dilated uncharacteristically. This depression of T-ALH
function could conceivably contribute to two observed phe-
nomena following relief of obstruction. Decreased T-ALH
544 Hanley
function could contribute to the high sodium excretion as well
as to the poor concentrating ability because of the dependence
of medullary hypertonicity on thick ascending limb function.
The functional integrity of the collecting tubule is probably
the most controversial aspect of obstructive pathophysiology.
Sodium reabsorption was not examined specifically in this
study because normal rates of sodium reabsorption in the CCT
are low and highly variable when assessed by the technique of
isolated tubule microperfusion. In this study we examined the
ability of the CCT to respond to ADH in the presence of an
osmotic gradient. Following relief of obstruction isolated CCT's
demonstrated a significantly depressed ADH dependent osmot-
ic water permeability (Fig. 7). We attempted to examine the
mechanism involved in this defect by examining the response of
tubules to a potent cAMP analog. The response to this agent
was also depressed significantly suggesting that the defect
induced by obstruction occurred at a site distal to the intracellu-
lar generation of cyclic AMP. These studies demonstrate that
the concentrating defect following relief of UUO is due, in part,
to ADH resistance of the CCT.
In all disease models examined thus far by the in vitro
isolated tubule technique, an ADH resistance has been demon-
strated in the CCT. In a study of the remnant model of chronic
renal failure Fine et al [31 examined the response of the CCT to
ADH and a cAMP analogue (8-bromo cAMP). They observed a
blunted hydroosmotic response to these agents which was not
further stimulated by theophylline (a phosphodiesterase inhibi-
tor). An analysis of vasopressin-stimulated adenyl cyclase
activity in the remnant model by these investigators also
demonstrated a 50% reduction with normal basal activity. From
these studies they concluded that the ADH resistance of the
CCT was due both to a defect in the tubule adenyl cyclase and
to a defect beyond the generation of cAMP. Examination of the
hydroosmotic ADH response in tubules from animals with
ischemic acute renal failure [11 also demonstrates a significant
defect. Whether all models examined thus far possess a defect
in both adenyl cyclase and cellular response beyond the genera-
tion of cAMP has not been answered. The present studies
suggest that following obstruction a defect is present beyond
the intracellular generation of cAMP.
Following release of BUO, there is also a decrease in GFR
and an increase in fractional sodium excretion. Direct examina-
tion of the intrinsic transport capacity of SPCT's in this study
(Fig. 6) shows reabsorptive rates following relief of 24 hr of
BUD to be essentially normal and equal to that observed in
UUO and in the unobstructed kidney. Direct evaluation of
JMPCT and PST reabsorption rates in the present study (Fig. 6)
shows that obstruction itself affects the intrinsic transport
capacity of these segments depressing their reabsorption rates
32 and 36%, respectively. Direct evaluation of T-ALH function
following relief of BUO has not been possible using micropunc-
ture techniques. Direct evaluation of T-ALH following relief of
BUD in the present study (Fig. 7) demonstrates significant
functional impairment. As in the UUO model, this was suggest-
ed even during dissection, because of the uncharacteristic
tubular dilatation. Disordered T-ALH function in BUO could
lead to the natriuresis and concentrating defect noted in this
state. The functional integrity of the CCT following relief of
BUO in this study was evaluated in a manner similar to that
used following relief of UUO. Isolated CCT's exhibited a
significantly depressed response in ADH-dependent osmotic
water movement (Fig. 7). As in UUO, the concentrating defect
following relief of BUD is due, in part, to an ADH-resistance of
the CCT,
In this series of studies we could not detect a difference in
intrinsic transport function between tubules from UUO and
BUO kidneys immediately after release of obstruction.
Obstruction brings about tubular functional alterations in the
JMPCT and PST while apparently not affecting the SPCT.
These findings are consistent with all published surface and
papillary micropuncture data and provide direct information on
the effect of obstruction on tubular function independent of
regional renal blood flow, physical factors, or circulating natri-
uretic substances with a persistent in vitro effect. Segmental
distal nephron function is summarized in Figure 7. As in the
proximal nephron we could not detect a difference in intrinsic
transport function between tubules from UUO and BUO kid-
neys. Obstruction alters T-ALH sodium chloride transport
profoundly and imparts a state of ADH resistance on the CCT.
The fact that tubules from UUO and BUD kidneys respond in
exactly the same manner to obstruction suggests that the
postobstructive diuresis observed following relief of BUD is
due for the most part to changes in body composition or
volume. Circulating natriuretic factors could contribute to the
postobstructive diuresis following relief of BUD, but it is
necessary to postulate that these substances have effects only
while present in situ. In our in vitro experimental setting there is
no evidence for circulating natriuretic factors which may con-
tribute to the postobstructive diuresis following relief of BUO
by inducing persistent changes in tubular transport parameters.
The mechanism by which obstruction brings about changes in
segmental nephron transport is unclear. Studies have shown
that renal blood flow increases immediately after unilateral or
bilateral ureteral obstruction but then progressively declines to
less than half normal by 24 hr [131. In both UUO and BUO
medullary plasma flow decreases after ureteral obstruction and
after 24 hr is less than 20% of normal flow [14]. After 24 hr of
UUO and BUD in the rat, Harris and Yarger [151 using the
modified Hansen technique concluded that outer cortical pen-
tubular plasma flow is much better preserved than peritubular
flow in the juxtamedullary cortex or outer medulla. The effect
of acute ischemia on tubular function has been investigated
recently [1]. In the proximal nephron reabsorption rates are
decreased, and in the distal nephron T-ALH function is reduced
and the response of the CCT to ADH is blunted. These changes
are consistent with the observed alterations in tubular function
found in this study. The unique preservation of SPCT function
following release of obstruction may be due, in part, to better
maintenance of superficial cortical blood flow.
In summary of obstructive nephropathy, we examined a
rabbit model of UUO and BUO by clearance and microperfu-
sion techniques. Analysis of segmental nephron function
showed that the intrinsic tubular effects induced by obstruction
are identical in UUO and BUD. The natriuresis noted in UUD
and BUD is due, in part, to disordered JMPCT, PST, and T-
ALH sodium chloride reabsorption while the impaired concen-
trating ability is due, in part, to depressed function in T-ALH
and ADH resistance of the CCT. One site for this ADH
resistance of the CCT occurs at a point distal to the intracellular
generation of intracellular cAMP.
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Summary. These studies demonstrate that the isolated per-
fused tubule technique is applicable to the study of the patho-
physiology of disease processes. In addition it provides a
method to examine and evaluate in detail the effect of possible
treatment modalities on deranged renal function. It is to be
hoped that isolated tubule microperfusion will prove to be as
valuable in understanding disease processes as it has been in
expanding our understanding of normal renal physiology.
Reprint requests to Dr. M. J. Hanley, Department of Medicine, The
University of Texas Health Science Center, 7703 Floyd Curl Dr., San
Antonio, Texas 78284, USA
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